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(57) ABSTRACT

Composite heat pipes, methods of assembling composite
heat pipes, sandwich panels having one or more composite
heat pipes, methods of assembling sandwich panels, radiator
panels, methods of assembling radiator panels, spacecratt,
and methods of assembling spacecrait are disclosed. Com-
posite heat pipes include an elongate conductive casing and
one or more fiber reinforced composite layers operatively
coupled to one or more lateral sides of the elongate con-
ductive casing. Sandwich panels include two spaced-apart
face-sheets, a core positioned between the two spaced-apart
face-sheets, and one or more composite heat pipes. Space-
craft include a body and two radiator panels operatively
coupled to the body opposite each other.
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COMPOSITE HEAT PIPES AND SANDWICH
PANELS, RADIATOR PANELS, AND
SPACECRAFT WITH COMPOSITE HEAT
PIPES

FIELD

[0001] The present disclosure relates to heat pipes and to
radiator panels that include heat pipes.

BACKGROUND

[0002] Heat pipes are heat transier devices that rely on
phase transition of a working fluid to transier heat from one
location to another, such as from an electronic device to a
heat sink. Heat pipes may be constructed of various mate-
rials depending on an application for the heat pipe, but
typically the bodies of heat pipes are constructed of a metal,
such as aluminum, due to its heat transter characteristics and
density. As an example, heat pipes are often used to draw
heat away from electronic equipment to prevent the elec-
tronic equipment from overheating. In some applications,
thermal expansion and contraction of heat pipes due to
extreme temperature changes may be undesirable.

[0003] Spacecrait include a plethora of equipment, such as
clectronic equipment, that generates heat. This heat must be
dissipated, and because space 1s essentially void of air, the
heat must be radiated to outer space. Spacecrait, such as
satellites, typically include radiator panels that draw the heat
from electronics and other equipment to an outer surface of
the spacecraft. Thermal expansion and contraction of a
radiator panel may aflect the precision of a spacecrait’s
communication equipment’s pointing to Earth and/or to
another spacecraft or other object in outer space. For some
spacecralt, the precise pointing of communication equip-
ment 1s critical to 1ts function. Historically, radiator panels
have been constructed of materials that have similar coet-
ficients of thermal expansion (CTE) so as to minimize
distortions of the radiator panels due to thermal imbalance
and thus to minimize the eflect on the pointing of commu-
nication equipment. Additionally, radiator panels histori-
cally have been used as a ground, or power return, for
clectronic equipment, including communication equipment,
that 1s supported by radiator panels. Accordingly, radiator
panels historically have been constructed with aluminum
honeycomb cores sandwiched between aluminum face-
sheets and with aluminum heat pipes extending through the
cores.

SUMMARY

[0004] Composite heat pipes, methods of assembling com-
posite heat pipes, sandwich panels having one or more
composite heat pipes, methods of assembling sandwich
panels, radiator panels, methods of assembling radiator
panels, spacecrait, and methods of assembling spacecrait are
disclosed herein.

[0005] Composite heat pipes include an elongate conduc-
tive casing that defines an internal volume having an outer
peripheral region, a wick structure positioned within the
outer peripheral region of the internal volume of the elon-
gate conductive casing, a working fluid within the internal
volume of the outer peripheral region, and one or more fiber
reinforced composite layers operatively coupled to one or
more external, lateral sides of the elongate conductive
casing. Fach fiber reinforced composite layer comprises a
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plurality of elongate fibers longitudinally aligned with the
clongate conductive casing and operatively coupled together
by a binding material. Methods of assembling composite
heat pipes include operatively coupling one or more fiber
reinforced composite layers to one or more external, lateral
sides of an elongate conductive casing.

[0006] Sandwich panels include two spaced-apart face-
sheets, a core positioned between the two spaced-apart
face-sheets, and one or more composite heat pipes. Methods
of assembling sandwich panels include operatively coupling
a first face-sheet to a core, operatively coupling a second
face-sheet to the core opposite the first face-sheet, and
operatively positioning one or more composite heat pipes
between the first face-sheet and the second face-sheet.
[0007] Radiator panels include two spaced-apart face-
sheets including an inside face-sheet and an outside face-
sheet that are constructed of a fiber reinforced composite
material, a honeycomb core positioned between the two
spaced-apart face-sheets, and one or more heat pipes extend-
ing through the honeycomb core. The fiber reinforced com-
posite material of the face-sheets includes two diflerent
types of fibers. Methods of assembling radiator panels
include operatively coupling an inside face-sheet to a hon-
eycomb core, operatively coupling an outside face-sheet to
the honeycomb core opposite the inside face-sheet, and
operatively positioning one or more heat pipes between the
inside face-sheet and the outside face-sheet.

[0008] Spacecrait include a body and two radiator panels
operatively coupled to the body opposite each other. Meth-
ods of assembling spacecrait include operatively coupling a
radiator panel to a body of the spacecraft.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 1s a schematic profile view representing
composite heat pipes according to the present disclosure.
[0010] FIG. 2 1s a schematic side view representing com-
posite heat pipes according to the present disclosure.
[0011] FIG. 3 1s a schematic profile view representing
sandwich panels having at least one composite heat pipe
according to the present disclosure.

[0012] FIG. 4 1s a flowchart schematically representing
methods according to the present disclosure.

[0013] FIG. 5 1s an 1sometric view of an example space-
craft that includes two radiator panels according to the
present disclosure.

[0014] FIG. 6 1s a schematic profile view representing
radiator panels according to the present disclosure.

[0015] FIG. 7 1s a schematic profile view representing a
single ply of a face-sheet of a radiator panel according to the
present disclosure.

[0016] FIG. 8 1s a flowchart schematically representing
methods according to the present disclosure.

DESCRIPTION

[0017] Composite heat pipes, methods of assembling com-
posite heat pipes, sandwich panels having one or more
composite heat pipes, methods of assembling sandwich
panels, radiator panels, methods of assembling radiator
panels, spacecrait, and methods of assembling spacecraft are
disclosed herein.

[0018] FIGS. 1 and 2 schematically illustrate composite
heat pipes 100 according to the present disclosure. Com-
posite heat pipes 100 include an elongate conductive casing
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102, a wick structure 108, a working fluid 110, and one or
more fiber reinforced composite layers 112. The elongate
conductive casing 102 defines an internal volume 104 hav-
ing an outer peripheral region 106. The wick structure 108
1s positioned within the outer peripheral region 106, and the
working fluid 110 1s within the internal volume 104. The one
or more fiber reinforced composite layers 112 are opera-
tively coupled to one or more external, lateral sides 114 of
the elongate conductive casing 102.

[0019] The clongate conductive casing 102 1s schemati-
cally represented in solid lines 1 FIG. 1 with a square
profile; however, any suitable profile shape of elongate
conductive casing 102 1s within the scope of the present
disclosure, including, for example, a circular profile or, as
schematically represented in FIG. 1 1 dash-dot lines, a
flanged configuration with a body 122 having a circular
profile and four planar extensions 124 spaced-apart around
and extending longitudinally along the body 122. The elon-
gate conductive casing 102 may be constructed of any
suitable material that has desirable thermal conductive prop-
erties for a particular application, with aluminum, copper,
and steel being illustrative, non-exclusive examples. In some
examples, the elongate conductive casing 102 may be
formed by an extrusion process. In some such examples, the
wick structure 108 may be integrally formed with the
clongate conductive casing 102 to form a monolithic struc-
ture

[0020] The wick structure 108 of composite heat pipes 100
may take any suitable form depending on a particular
application of a composite heat pipe 100, including (but not
limited to) sintered metal powders, screens, and grooves.
The schematic representation of composite heat pipes 100
generally shows the wick structure 108 1n the form of
grooves that are integral with the elongate conductive casing
102, but composite heat pipes 100 are not limited to such
examples, and other configurations of wick structures 108
may be incorporated into composite heat pipes 100 accord-
ing to the present disclosure.

[0021] The working fluid 110 of composite heat pipes 100
may take any suitable form depending on a particular
application of a composite heat pipe 100, with water, refrig-
crant, ammonia, alkali metals, nitrogen, oxygen, neon,
hydrogen, helium, methanol, ethane, and lithium being
illustrative, non-limiting examples.

[0022] As mentioned, composite heat pipes 100 include
one or more fiber reinforced composite layers 112 that are
operatively coupled to one or more external, lateral sides 114
of the elongate conductive casing 102. A lateral side 114 of
an elongate conductive casing 102 1s an external side that 1s
parallel to a longitudinal axis 126 of the elongate conductive
casing 102, for example, 1n contrast to an end face 128 of the
composite heat pipe 100. In some examples, a lateral side
114 may be planar, but such a configuration 1s not required
in all examples of elongate conductive casings 102, such as
in a composite heat pipe 100 having an elongate conductive
casing 102 with a circular profile.

[0023] As schematically illustrated 1n FIG. 1, each fiber
reinforced composite layer 112 includes a plurality of elon-
gate fibers 116 that are longitudinally aligned with the
clongate conductive casing 102 and that are operatively
coupled together by a binding material 118. In other words,
the elongate fibers 116 are generally parallel to the longitu-
dinal axis 126 of the elongate conductive casing 102. In
some examples, the elongate fibers 116 may be described as
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being unidirectional. By being elongate and umdirectional,
the elongate fibers 116, and thus the one or more fiber
reinforced composite layers 112 may provide desirable
thermal and strength characteristics to the composite heat
pipe 100, as a whole.

[0024] A fiber remnforced composite layer 112 may be
constructed in any suitable manner, such as based on manu-
facturability, ultimate applications, typical temperatures to
which a composite heat pipe 100 will be exposed, etc. For
example, a fiber reinforced composite layer 112 may com-
prise and/or be described as a film or a laminate. In some
examples, a fiber reinforced composite layer 112 may be
described as being formed from a prepreg. Additionally or
alternatively, the binding material 118 may comprise an
adhesive tape, and the elongate fibers 116 may be adhered to
a face of the adhesive tape and/or may be embedded 1n the
adhesive tape. Additionally or alternatively, i some
examples, the elongate fibers 116 may be within a matrix of
the binding material 118. The binding maternial 118 may be
any suitable material, depending on the ultimate application
of the composite heat pipe 100, for example, depending on
the temperature ranges to which the composite heat pipe 100
1s exposed. Illustrative, non-exclusive examples of binding
material 118 include (but are not limited to) epoxy, cyanate
ester, polyimide, bismaleimide resin, and phenolic resin.

[0025] In some examples of fiber reinforced composite
layers 112, the elongate fibers 116 comprise a density of
0.05-0.101bs/in.” within the fiber reinforced composite layer
112.

[0026] In some examples of fiber reinforced composite
layers 112, and as schematically represented 1n FIG. 1, the
clongate fibers 116 are spaced-apart within the fiber rein-
forced composite layer 112.

[0027] The elongate fibers 116 of a fiber reinforced com-
posite layer 112 may be of any suitable material and size
such that the elongate fibers 116 have desired properties for
a particular application of a composite heat pipe 100.
I[llustrative, non-exclusive examples of elongate fibers 116
include (but are not limited to) boron fibers and high strength
carbon fibers. In some examples, the elongate fibers 116
have an average diameter 1n the range of 50-200 um, 50-150
um, 50-100 um, 100-200 um, 100-150 um, or 150-200 wum.
[0028] Moreover, 1n some examples of composite heat
pipes 100, the elongate fibers 116 may be constructed of a
material that has tensile and compression strengths that are
different than tensile and compression strengths of the
material from which the elongate conductive casing 102 1s
constructed. For example, tensile and/or compression
strengths of the elongate fibers 116 may be at least 1.5, at
least 2, at least 5, or at least 10 times tensile and/or
compression strengths of the elongate conductive casing
102. As an illustrative, non-limiting example, the elongate
fibers 116 may have a tensile strength and/or a compression
strength 1n the range of 500-600ksi. As a result of the
clongate fibers 116, and thus the fiber reinforced composite
layer(s) 112, having a tensile strength and/or a compression
strength that differs from a tensile strength and/or a com-
pression strength of the elongate conductive casing 102, the
composite heat pipe 100, as a whole, may have resultant
physical properties that are desirable for using the composite
heat pipes 100 in certain applications that are subject to
extreme temperature changes. For example, in the applica-
tion of a composite heat pipe 100 being used in a radiator
panel, such as a radiator panel of a spacecraft, deformation
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of the radiator panel as a result of an extreme temperature
change may be detrimental to the performance of the space-
craft, and a composite heat pipe 100 may diminish or
otherwise restrict, or even prevent, undesirable deformation
as a result of tensile and/or compression strengths of the
clongate fibers 116. Accordingly, a fiber reinforced compos-
ite layer 112 may be described as a strap, a restraining strap,
and/or a composite restraining strap.

[0029] That 15, as a result of the elongate conductive
casing 102 having different tensile and/or compression
strengths than the clongate fibers 116 and the fiber rein-
torced composite layer(s) 112, the overall coeflicient of
thermal expansion of the composite heat pipe may be
25-75%, 30-70%, 40-60%, or about 50% of the coeflicient of
thermal expansion of the elongate conductive casing 102 by
itself, or of a heat pipe that does not include one or more
fiber reinforced composite layers 112 according to the
present disclosure. As an illustrative example only, an alu-
minum heat pipe without one or more fiber remnforced
composite layers 112 operatively coupled to the heat pipe’s
casing may have a coeltlicient of thermal expansion of about
12.5 ppm/° F. In contrast, a composite heat pipe 100
according to the present disclosure with an aluminum elon-
gate conductive casing 102 and one or more fiber reinforced
composite layers 112 operatively coupled to lateral sides 114
of the elongate conductive casing 102 may have a coetlicient
of thermal expansion 1n the range of 5-7.5ppm/° F.

[0030] With continued reference to FIG. 1, as schemati-
cally illustrated 1n solid lines, composite heat pipes 100
include at least one fiber reinforced composite layer 112 that
1s operatively coupled to a lateral side 114 of the elongate
conductive casing 102. As schematically represented 1n
dashed lines in

[0031] FIG. 1, a composite heat pipe 100 may include two
fiber remnforced composite layers 112 that are operatively
coupled to opposing external, lateral sides 114 of the elon-
gate conductive casing 102. Such a configuration may be
desirable, for example, to restrict undesirable stresses within
the elongate conductive casing 102 that otherwise may result
when subjected to temperature changes. However, it also 1s
within the scope of the present disclosure that fiber rein-
forced composite layers 112 are coupled to more than two
external, lateral sides 114, and even, optionally, fiber rein-
forced composite layers 112 that extend, or wrap, com-
pletely around the elongate conductive casing 102.

[0032] A fiber reinforced composite layer 112 may span an
entire width of a lateral side 114, such as schematically
represented i FIG. 1 i1n dashed lines. However, such a
configuration 1s not required, and additionally or alterna-
tively, a fiber reinforced composite layer 112 may span less
than an entire width of a lateral side 114, such as schemati-
cally represented 1n FIG. 1 1n solid lines. Similarly, a fiber
reinforced composite layer 112 may span an entire length of
a lateral side 114 or may span less than an entire length of
a lateral side 114. In some examples, a fiber reinforced
composite layer 112 may be coextensive, or substantially
coextensive, with a lateral side 114, and 1n other examples,
a fiber reinforced composite layer 112 may not be coexten-
sive, or substantially coextensive, with a lateral side 114.
The schematic representations of FIGS. 1 and 2 are intended
to schematically represent any such configurations of fiber
reinforced composite layers 112 relative to lateral sides 114.

[0033] As mentioned, in a composite heat pipe 100, a fiber
reinforced composite layer 112 1s operatively coupled to an
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external, lateral side 114 of the elongate conductive casing
102. By “operatively coupled,” 1t 1s meant that the fiber
reinforced composite layer 112 may be directly engaging, or
touching, a lateral side 114 of the elongate conductive casing
102, or that the fiber reinforced composite layer 112 may be
indirectly coupled, and not directly engaging, or touching, a
lateral side 114 of the elongate conductive casing 102. For
example, when the binding material 118 of a fiber reinforced
composite layer 112 comprises an adhesive tape, the adhe-
s1ve tape may be directly adhered to a lateral side 114 of the
clongate conductive casing 102. However, as schematically
and optionally illustrated in dashed lines 1n FIG. 1, a
composite heat pipe 100 may further include a separate
adhesive layer 120 that 1s between a fiber reinforced com-
posite layer 112 and a lateral side 114 of the elongate
conductive casing 102.

[0034] When present, the adhesive layer 120 may be
constructed of any suitable adhesive material, including (but
not limited to) an epoxy adhesive, depending on the appli-
cation of the composite heat pipe 100 and the temperatures
to which the composite heat pipe 100 may be subjected. In
some applications, 1t may be desirable to utilize a desired
thickness of adhesive, such as with the adhesive layer 120
having a thickness of 0.005-0.025 inches. For example, 1n
some applications, it may be desirable for the adhesive layer
120 to absorb strain between the elongate conductive casing
102 and the fiber reinforced composite layer 112 when the
composite heat pipe 100 1s subject to temperature changes.

[0035] Turning now to FIG. 3, composite heat pipes 100
may be used as a structural component of a sandwich panel
130. More specifically, a sandwich panel 130 includes two
spaced-apart face-sheets 132, a core 134 that 1s positioned
between the two spaced-apart face-sheets 132, and one or
more composite heat pipes 100 extending through the core
134 without the one or more fiber remnforced composite
layers 112 extending directly between the one or more
composite heat pipes 100 and the two spaced-apart face-
sheets 132. Sandwich panels 130 may be constructed and
utilized for any suitable application, including (but not
limited to) radiator panels for spacecrait, radiator panels for
phased arrays, and base plates for antennae.

[0036] Face-sheets 132 may be constructed of any suitable
material depending on the application and/or desired prop-
erties of a sandwich panel 130. As illustrative, non-exclusive
examples, face-sheets 132 may be constructed of sheet
metal, such as aluminum or steel, or of a composite material,
such as a reinforced composite material. As used herein, a
“reinforced composite material” refers to a material that
includes a polymer or other binding material matrix together
with a filler. The filler may be fibers, particulates, or other
configurations of material depending on the desired proper-
ties of the reinforced composite material. Moreover, the
filler may be ordered, such as woven fibers or longitudinally
aligned fibers, or the filler may be disordered, such as
randomly ordered. Examples of filler include (but are not
limited to) carbon particles, carbon fibers, boron fibers,
polyaramid fibers, glass fibers, and/or other particles and/or
fibers. When the filler includes fibers, the reinforced com-
posite material may be referred to as a fiber remforced
composite material.

[0037] Cores 134 may have any suitable configuration and
may be constructed of any suitable material depending on
the application and/or desired properties of a sandwich panel
130. In some applications, a core 134 may be a honeycomb
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core. For example, honeycomb cores may provide desired
compression and weight properties. Honeycomb cores are
structures that are defined by a plurality of thin wall sections,
or ligaments, that define hollow cells. Typically, although
not required in all examples, the cells are hexagonal in
cross-section. Illustrative, non-exclusive examples of mate-
rials from which a core 134 may be constructed include
metal, plastics, and reinforced composite materials, 1nclud-
ing fiber reinforced composite materials.

[0038] Although not required in all examples, sandwich
panels 130 additionally may include a foam adhesive 136
that operatively couples one or more composite heat pipes
100 to the core 134 of a sandwich panel 130. For example,
as schematically illustrated in FIG. 3, the foam adhesive
136, when present, may extend between the lateral sides of
a composite heat pipe 100 and the core 134 to operatively
couple the composite heat pipe 100 to the core 134. An
illustrative, non-exclusive example of a suitable foam adhe-
s1ive 136 1n some applications includes the FM 410-1™ foam

adhesive from CYTEC SOLVAY GROUP™,

[0039] FIG. 4 schematically provides a flowchart that
represents 1llustrative, non-exclusive examples of methods
according to the present disclosure. In FIG. 4, some steps are
illustrated in dashed boxes indicating that such steps may be
optional or may correspond to an optional version of a
method according to the present disclosure. That said, not all
methods according to the present disclosure are required to
include the steps 1llustrated 1n solid boxes. The methods and
steps 1llustrated 1in FIG. 4 are not limiting and other methods
and steps are within the scope of the present disclosure,
including methods having greater than or fewer than the
number of steps illustrated, as understood from the discus-
sions herein.

[0040] As schematically 1llustrated in solid boxes in FIG.
4, methods 140 of assembling a composite heat pipe 100
include operatively coupling one or more fiber reinforced
composite layers 112 to one or more external, lateral sides
114 of an elongate conductive casing 102, as indicated at
142. For example, the one or more fiber reinforced com-
posite layers 112 may be operatively coupled to one of more
external, lateral sides 114 by an adhesive layer 120, as
discussed herein.

[0041] In some methods 140, the operatively coupling 142
1s performed 1n an environment at 50-100° Fahrenheit (F) or
at room temperature.

[0042] As also schematically illustrated in FIG. 4, meth-
ods 144 of assembling a sandwich panel 130 are within the
scope ol the present disclosure. As indicated in solid boxes,
methods 144 include operatively coupling a first face-sheet
132 to a core 134, as indicated at 146, operatively position-
ing one or more composite heat pipes 100 relative to the first
face-sheet 132 and the core 134, as indicated at 148, and
operatively coupling a second face-sheet 132 to the core 134
opposite the first face-sheet 132, as indicated at 150.

[0043] Some methods 144 further include (but are not
required to include), prior to the operatively positioning 150,
performing a method 140 of assembling the one or more
composite heat pipes 100. As schematically and optionally
illustrated 1n a dashed box in FIG. 4, some methods 144 also
include, following the operatively coupling 146, the opera-
tively positioning 148, and the operatively coupling 150,
curing the sandwich panel 130 at an elevated temperature,
such as at a temperature of 150-250° F., as indicated at 152.
In some such methods 144 that also include operatively
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coupling 142 1n an environment at 50-100° Fahrenheit (F) or
at room temperature, 1t may be advantageous that the
operatively coupling 142 1s performed at a lower tempera-
ture than the required curing temperature of the sandwich
panel 130 as a whole. More specifically, when the fiber
reinforced composite layers 112 are bonded to the elongate
conductive casing 102 at a non-elevated temperature (e.g., at
room temperature), the bonding results in zero, or near zero,
internal stress within the bond. Subsequently, when the
sandwich panel 130 1s cured with the composite heat pipe
100 between two spaced-apart face sheets 132 at an elevated
temperature, the strain between the composite heat pipe 100
and the spaced-apart face sheets 132 1s minimized due to the
ellective coellicient of thermal expansion of the composite
heat pipe 100 being lower than if it were not previously
cured at the non-elevated temperature. As a result, the
integrity of the bond between the spaced-apart face sheets
132 and the composite heat pipe 100 1s maintained both
during cure and subsequent thermal cycling in use. For
example, when a sandwich panel 130 1s exposed to an
extreme cold temperature, less strain between the one or
more fiber reinforced composite layers 112 and the elongate
conductive casing 102 may result, than 1f the operatively
coupling 142 also were performed at the elevated tempera-
ture at which the sandwich panel 130 1s cured as a whole.

[0044] Turning now to FIG. 5, an example spacecrait 10
according to the present disclosure 1s 1llustrated. Spacecratit
10 1s 1n the form of a satellite 12 that includes two radiator
panels 14. However, other types of spacecrait 10 are within
the scope of the present disclosure, and radiator panels 14
are not limited to being used with satellites, let alone the
example satellite 12 illustrated in FIG. 5 and described
herein. Moreover, radiator panels 14 may (but are not
required to) include and/or be sandwich panels 130 accord-
ing to the present disclosure.

[0045] Spacecrait 10 and satellites 12 include a structural
body 16 to which the radiator panels 14 and other equipment
are operatively mounted. In the illustrated example of sat-
cllite 12, the structural body 16 includes a cylindrical core
18, an upper panel 20, a lower panel 22, a left stiffener 24,
a right stiflener 26, an upper antenna bracket 28, and a lower
antenna bracket 30. The radiator panels 14 include a left
radiator panel 14 that 1s operatively coupled to the upper
panel 20, the left stiffener 24, the lower panel 22, the upper
antenna bracket 28, and the lower antenna bracket 30, and a
right radiator panel 14 that 1s operatively coupled to the
upper panel 20, the right stiflener 26, the lower panel 22, the
upper antenna bracket 28, and the lower antenna bracket 30.
Collectively, the radiator panels 14 and the body 16 of the
satellite 12 may be described as a spacecrait bus 32, with the
bus 32 being used to carry various payloads 34 into outer
space. The 1llustrated and described construction of bus 32
1s but one example of a spacecraft 10 and satellite 12, which
1s provided for 1llustration purposes only and does not limait
the present disclosure to the 1llustrated example. Additional

examples of construction that may be suitable for a space-
craft bus 32 are disclosed 1n U.S. Patent Application Pub-

lication No. 2014/0239124, the disclosure of which 1s incor-
porated herein by reference.

[0046] The payload 34 of a spacecrait 10 and satellite 12
may take any suitable form and configuration depending on
the ultimate application of the spacecraft 10. For example,
payload 34 may include various communication devices 36,
including (but not limited to) antenna feeds 38 and antenna
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reflectors 40. At a mimimum, payload 34 of a satellite 12
typically includes electronic equipment 42 that 1s opera-
tively mounted to the mner sides of the radiator panels 14.
Accordingly, heat generated by the electronic equipment 1s
conducted to the radiator panels 14, which 1n turn radiate the
heat to outer space. Payload 34 additionally may include
structures that are mounted to the outer sides of the radiator

panels 14, such as (but not limited to) solar arrays 44, as
illustrated 1n FIG. 5.

[0047] Because the radiator panels 14 define structural
components of satellite 12, their thermal stability may be
critical to ensure that communication devices 36 function as
desired. For example, the position of a first communication
device, such as 1n the form of an antenna feed 38, relative to
the position of a second communication device, such as in
the form of an antenna reflector 40 at which the antenna feed
38 1s pointed, may be critical for the eflectiveness of the
communication devices and thus the satellite 12. A bus 32,
including radiator panels 14, therefore may be configured to
maintain a desired positional relationship between two com-
munication devices 36 even when the radiator panels 14 are
subject to significant thermal changes. This desired posi-
tional relationship may be described 1n terms of the move-
ment of the attachment points of the communication devices
to the bus 32. Using the antenna example, an antenna feed
38 may be coupled relative to the body 16 at a first mount
46, and an antenna reflector 40 may be coupled relative to
the body 16 at a second mount 48. When one or both of the
radiator panels 14 of a satellite 12 1s subject to a temperature
change between a mimmmum temperature and a maximum
temperature in the range of one or more of —50-100° C.,
—-20-100° C., =20-80° C., 0-100° C., 10-100° C., 20-100° C.,
50-100° C., and/or 20-80° C., the first mount may move,
rotate, or pivot, relative to the second mount by less than 0.1
degrees, by less than 0.08 degrees, by less than 0.06 degrees,
or by less than 0.04 degrees. Any combination of the
alorementioned ranges 1s within the scope of the present
disclosure. Additionally or alternatively, when one or both of

the radiator panels 14 begin dissipating heat at a rate in the
range of one or more of 100-5000 Watts, 100-2500 Watts,

500-5000 Watts, and/or 500-2500 Watts, that 1s, go from
zero Watts to within one of the enumerated ranges, the first
mount may move, rotate, or pivot relative to the second
mount by less than 0.1 degrees, by less than 0.08 degrees, by
less than 0.06 degrees, or by less than 0.04 degrees. Any
combination of the aforementioned ranges i1s within the
scope ol the present disclosure. As an illustrative, non-
exclusive example, when a radiator panel 14 1s dissipating
heat at a rate 1n the range of 100-5000 Watts and/or 1s subject
to a temperature change between a minimum temperature
and a maximum temperature in the range ol —=50-100° C., the
first mount may move, rotate, or pivot by less than 0.1
degrees.

[0048] Turning now to FIG. 6, examples of radiator panels
14 are schematically represented. Although not required,
radiator panels 14 are generally planar and rectangular.
Radiator panels 14 include two spaced-apart face-sheets 50,
a honeycomb core 52 that 1s positioned between the face-
sheets 50, and one or more heat pipes 34 that extend through
the honeycomb core 52 between the face-sheets 50.

[0049] When a radiator panel 14 1s a sandwich panel 130

according to the present disclosure, one or more of heat
pipes 54 may be a composite heat pipe 100 according to the
present disclosure. The face-sheets 50 include an inside
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face-sheet 56 that faces the inside of a bus 32 when 1nstalled
as a component of the bus, and an outside face-sheet 58 that
faces the outside of the bus toward outer space. The hon-
eycomb core 52 gives the radiator panel structural support.
The one or more heat pipes 54 draw heat from electronic
equipment 42 mounted to the inside face-sheet 56 and
transier the heat to the outside face-sheet 58 to be radiated
to outer space. As optionally and schematically illustrated in
FIG. 6, one or more structures 60 also may be mounted to
the outside face-sheet 58, with a solar array 44 being an
example.

[0050] The honeycomb core 52 of a radiator panel 14 may
be constructed of any suitable material, including metal,
plastic, and reinforced composite material. A typical
example of a metal includes aluminum.

[0051] Face-sheets 50 of a radiator panel are constructed
at least 1n part, and 1n some examples completely, of a fiber
reinforced composite material. In some examples, the face-
sheets 50 may be constructed as a laminate of multiple plies
62 of material. For example, a face-sheet 50 may include
2-10, 2-8, 2-6, 2-4, 4-10, 4-8, 4-6, 6-10, 6-8, or 8-10 plies 62
of material; however, other numbers of plies 62 may be
included 1n a face-sheet 50, including numbers fewer than,
greater than, and within the enumerated ranges. Additionally
or alternatively, a face-sheet 50 may include at least one
metallic foil layer, such as an aluminum foil layer. In some
examples, a face-sheet 50 may have a thickness 1n the range
of 200-1000 um, 200-800 um, 200-600 um, 200-400 um,
400-1000 um, 400-800 um, 400-600 um, 600-1000 um,
600-800 um, or 800-1000 um; however, other thicknesses of
face-sheets 50 also are within the scope of the present
disclosure. Any combination of the aforementioned ranges 1s
within the scope of the present disclosure. For example, a
face-sheet 50 may include 2-10 plies 62 resulting 1n a
thickness of the face-sheet 50 1n the range of 200-1000 um.
FIG. 7 schematically represents example plies 62 of fiber
reinforced composite materials that may be used to construct
a face-sheet 50.

[0052] In some examples of face-sheets 50, the fiber
reinforced composite material may include a set of fibers 64
and a set of fibers 66 within a matrix of binding material 68,
and with fibers 64 differing 1n one or more properties or
characteristics from fibers 66. For example, 1n some
examples of face-sheets 50, the average diameter of fibers 64
may differ from an average diameter of fibers 66. As
examples, the average diameter of fibers 66 may be at least
2, at least 4, at least 6, at least 8, 2-10, 2-8, 2-6, 2-4, 4-10,
4-8, 4-6, 6-10, 6-8, or 8-10 times the average diameter of
fibers 64. Additionally or alternatively, the average diameter
of fibers 64 may be in the range of 5-20 um, 5-15 um, 5-10
um, 10-20 um, 10-15 um, or 15-20 um, and the average
diameter of fibers 66 may be in the range of 50-200 um,
50-150 pum, 50-100 um, 100-200 pm, 100-1350 um, or
150-200 um. Other average diameters, as well as ratios of
average diameters, are within the scope of the present
disclosure. Any combination of the aforementioned ranges 1s
within the scope of the present disclosure. For example, the
average diameter of fibers 66 may be at least 2 times the
average diameter of fibers 64.

[0053] In some examples of face-sheets 50, fibers 64 may
be carbon fibers. In some examples of face-sheets 50, fibers
66 may be boron fibers.

[0054] In some examples of face-sheets 50, a ratio of a
total number of fibers 64 to a total number of fibers 66 within
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a face-sheet 50 and/or a ply 62 may be in the range of
100-500, 100-400, 100-300, 100-200, 200-500, 200-400,

200-300, 300-500, 300-400, or 400-500; however, other
ratios, including ratios within the enumerated ranges, as well
as below and above the enumerated ranges, may be utilized
in a face-sheet 50 and/or a ply 62 thereof.

[0055] Insome examples of face-sheets 50, within a single
ply 62, fibers 64 may be spaced apart on average 1n the range
of 0-30 ym, 0-20 pm, 0-10 wm, 10-30 um, 10-20 um, or
20-30 um. In some examples of face-sheets 50, within a
single ply 62, fibers 66 may be spaced apart on average in
the range of 50-200 um, 50-150 pm, 50-100 um, 100-200
um, 100-150 um, or 150-200 um. Any ratio of any one of the
alforementioned ranges for fibers 64 to any one of the
alforementioned ranges for fibers 66 1s within the scope of
the present disclosure. For example, within a single ply 62,
fibers 64 may be spaced apart on average 1n the range of 0-30
um, and fibers 66 may be spaced apart on average in the
range of 50-200 um. Moreover, other spacings, including
within the enumerated ranges, as well as below and above
the enumerated ranges, may be utilized i a ply 62 of a
face-sheet 50.

[0056] In some examples of face-sheets 50, fibers 64 may
have a coellicient of thermal expansion in the range of
—-0.8-0 ppm/° F. In some examples of face-sheets 50, fibers
66 may have a coellicient of thermal expansion in the range
of 2-3 ppm/° F. Any combination of the aforementioned
range for fibers 64 and the aforementioned range for fibers
66 may be used.

[0057] In some examples of face-sheets 50, fibers 64 may
have a thermal conductivity in the range of 75-1100 W/m-K.
In some examples of face-sheets 350, fibers 66 may have a
thermal conductivity in the range of 25-400 W/m-K. Any
combination of the aforementioned range for fibers 64 and
the aforementioned range for fibers 66 may be used.
[0058] In some examples of face-sheets 50, fibers 64 may
have a tensile strength in the range of 400-800 ksi1. In some
examples of face-sheets 50, fibers 66 may have a tensile
strength 1n the range of 500-600 ksi1. Any combination of the
alforementioned range for fibers 64 and the aforementioned
range for fibers 66 may be used.

[0059] In some examples of face-sheets 50, the binding
material 68 of the fiber reinforced composite material of a
tace-sheet 50 or a ply 62 thereof may include epoxy, cyanate
ester, polyimide, bismaleimide resin, or phenolic resin.
Additionally or alternatively, the binding material 68 also
may 1nclude a thermal conductivity enhancer, such as one or
more of milled carbon fiber, carbon nanotubes, and graphite
nanoplatelets.

[0060] As discussed above, the face-sheets 50, the hon-
eycomb core 52, and the heat pipes 54 of a radiator panel 14
may have various properties and characteristics depending
on a particular example of radiator panel 14. As a result, the
properties and characteristics of a radiator panel 14, as a
whole, also may vary.

[0061] In some examples of radiator panels 14, the radia-
tor panel, as a whole, may have a coeflicient of thermal
expansion in the range of 0.5-13 ppm/° F. across its thick-
ness. Additionally or alternatively, the radiator panel, as a
whole, may have a coellicient of thermal expansion 1n the
range of 0.25-4 ppm/° F. in a direction parallel to the
face-sheets 50.

[0062] FIG. 8 schematically provides a flowchart that
represents 1llustrative, non-exclusive examples of methods
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according to the present disclosure. In FIG. 8, some steps are
illustrated 1n dashed boxes indicating that such steps may be
optional or may correspond to an optional version of a
method according to the present disclosure. That said, not all
methods according to the present disclosure are required to
include the steps 1llustrated 1n solid boxes. The methods and
steps 1llustrated 1n FIG. 8 are not limiting and other methods
and steps are within the scope of the present disclosure,
including methods having greater than or fewer than the
number of steps illustrated, as understood from the discus-
sions herein.

[0063] As schematically illustrated in solid boxes 1n FIG.
8, methods 80 of assembling a radiator panel 14 for a
spacecrait 10 include operatively coupling an inside face-
sheet 56 to a honeycomb core 52, as indicated at 82,
operatively coupling an outside face-sheet 38 to the honey-
comb core 32 opposite the inside face-sheet 56, as indicated
at 84, and operatively positioning one or more heat pipes 54
between the nside face-sheet 56 and the outside face-sheet
58. as indicated at 86. As indicated in FIG. 8, a method 80
also may be a method 114 according to the present disclo-
sure.

[0064] Methods 90 of assembling a spacecrait 10 also are
within the scope of the present disclosure, and as indicated
in FIG. 8 at 92 may include at least operatively coupling a
radiator panel 14 to a body 16 of the spacecraft 10. Some
methods 90 also may include performing a method 80 of
assembling the radiator panel 14 prior to the coupling 92.
[0065] Illustrative, non-exclusive examples of mmventive
subject matter according to the present disclosure are
described in the following enumerated paragraphs:

[0066] A. A composite heat pipe, comprising:

[0067] an elongate conductive casing that defines an inter-
nal volume having an outer peripheral region;

[0068] a wick structure positioned within the outer periph-
eral region of the internal volume of the elongate conductive
casing;

[0069] a working fluid within the internal volume of the

outer peripheral region; and

[0070] one or more fiber reinforced composite layers
operatively coupled to one or more external, lateral sides of
the elongate conductive casing, wherein each fiber rein-
forced composite layer comprises a plurality of elongate
fibers longitudinally aligned with the elongate conductive
casing and operatively coupled together by a binding mate-

rial.
[0071] Al. The composite heat pipe of paragraph Al,
wherein each fiber reinforced composite layer comprises a

film.

[0072] AZ2. The composite heat pipe of any of paragraphs
A-Al, wherein the binding material comprises an adhesive
tape.

[0073] AZ2.1. The composite heat pipe of paragraph A2,

wherein the plurality of elongate fibers 1s adhered to a face
of the adhesive tape.

[0074] AZ2.2. The composite heat pipe of paragraph A2,
wherein the plurality of elongate fibers 1s embedded 1n the
adhesive tape.

[0075] A3. The composite heat pipe of any of paragraphs
A-A2.2, wherein the binding material comprises a matrix of
the binding material and the plurality of elongate fibers are
within the matrix.

[0076] A4. The composite heat pipe of any of paragraphs
A-A3, wherein the binding material comprises, optionally
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consists essentially of, optionally consists of, epoxy, cyanate
ester, polyimide, bismaleimide resin, or phenolic resin.

[0077] AS5. The composite heat pipe of any of paragraphs
A-A4, wherein the plurality of elongate fibers comprises a
density of 0.05-0.10 Ibs/in.” within each fiber reinforced
composite layer.

[0078] A6. The composite heat pipe of any of paragraphs
A-AS, wherein the plurality of elongate fibers are spaced-
apart within each fiber reinforced composite layer.

[0079] A7. The composite heat pipe of any of paragraphs
A-A6, wherein the plurality of elongate fibers comprises,

optionally consists essentially of, optionally consists of,
boron fibers.

[0080] AR8. The composite heat pipe of any of paragraphs
A-A’7, wherein the plurality of elongate fibers comprises,
optionally consists essentially of, optionally consists of,
high strength carbon fibers.

[0081] A9. The composite heat pipe of any of paragraphs
A-AR8, wherein the elongate conductive casing 1s constructed
of a material having a first tensile strength and a first
compression strength, and wherein the plurality of elongate
fibers are constructed of a material having a second tensile
strength that 1s greater than the first tensile strength and a
second compression strength that 1s greater than the first
compression strength.

[0082] A9.1. The composite heat pipe of paragraph A9,
wherein second tensile strength 1s at least 1.5, at least 2, at
least 5, or at least 10 times the first tensile strength.

[0083] A9.2. The composite heat pipe of any ol para-
graphs A9-A9.1, wherein the second compression strength 1s
at least 1.5, at least 2, at least 5, or at least 10 times the first
compression strength.

[0084] A10. The composite heat pipe of any of paragraphs
A-A9.2, wherein the elongate conductive casing i1s con-
structed of aluminum, copper, or steel.

[0085] All. The composite heat pipe of any of paragraphs
A-A10, wherein elongate fibers of the plurality of elongate
fibers are umdirectional.

[0086] A1l2. The composite heat pipe of any of paragraphs
A-A1ll, wherein the one or more fiber reinforced composite
layers comprises two fiber remnforced composite layers
operatively coupled to opposing external, lateral sides of the
clongate conductive casing.

[0087] A13. The composite heat pipe of any of paragraphs
A-A12, further comprising:
[0088] an adhesive layer between the one or more fiber

reinforced composite layers and the respective one or more
external, lateral sides of the elongate conductive casing.

[0089] A13.1. The composite heat pipe of paragraph Al3,

wherein the adhesive layer has a thickness of 0.005-0.025
inches.

[0090] A13.2. The composite heat pipe of any of para-
graphs A13-A13.1, wherein the adhesive layer comprises,
optionally consists essentially of, optionally consists of, an
epoxy adhesive.

[0091] A14. The use of the composite heat pipe of any of
paragraphs A-Al13.2 as a structural component of a sand-
wich panel, a radiator panel, a radiator panel for a spacecratt,

a radiator panel for a phased array, or a base plate for an
antenna.

[0092] B. A method of assembling a composite heat pipe,
the method comprising:

[0093] operatively coupling one or more fiber reinforced
composite layers to one or more external, lateral sides of an
clongate conductive casing;
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[0094] wherein the one or more fiber reinforced composite
layers and/or the elongate conductive casing includes the
subject matter of any of paragraphs A-A13.3.

[0095] BI1. The method of paragraph B, wherein the opera-
tively coupling 1s performed 1in an environment at 50-100°
F., optionally at room temperature.

[0096] C. A sandwich panel, comprising:
[0097] two spaced-apart face-sheets;
[0098] a core positioned between the two spaced-apart

face-sheets; and

[0099] one or more composite heat pipes according to any
of paragraphs A-A13.3 extending through the core without
the one or more fiber reinforced composite layers extending
directly between the one or more composite heat pipes and
the two spaced-apart face-sheets.

[0100] C1. The sandwich panel of paragraph C, wherein
the core comprises, optionally consists essentially of,
optionally consists of, a honeycomb core.

[0101] C2. The sandwich panel of any of paragraphs
C-C1, wherein the core 1s constructed of metal, optionally of
aluminum.

[0102] C3. The sandwich panel of any of paragraphs
C-C2, wheremn the two spaced-apart face-sheets are con-
structed of a fiber reinforced composite matenal.

[0103] C4. The sandwich panel of any of paragraphs
C-C3, further comprising:

[0104] a foam adhesive that operatively couples the one or
more composite heat pipes to the core.

[0105] C5. The sandwich panel of any of paragraphs
C-C4, wherein the one or more fiber reinforced composite
layers of the one or more composite heat pipes 1s constructed
of a composite laminate that 1s cured at room temperature
prior to the one or more composite heat pipes being bonded
to the two spaced-apart face sheets at an elevated tempera-
ture

[0106] C6. The sandwich panel of any of paragraphs
C-C35, wherein the sandwich panel comprises one of a
radiator panel, a radiator panel for a spacecrait, a radiator
panel for a phased array, and a base plate for an antenna.

[0107] 7. The use of the sandwich panel of any of

paragraphs C-C6 as a radiator panel, a radiator panel for a
spacecrait, a radiator panel for a phased array, or a base plate
for an antenna.

[0108] D. A method of assembling a sandwich panel, the
method comprising:
[0109]

[0110] operatively coupling a second face-sheet to the core
opposite the first face-sheet; and

[0111] operatively positioning one or more composite heat
pipes between the first face-sheet and the second face-sheet;

[0112] wherein the first face-sheet, the second face-sheet,
the core, and/or the one or more composite heat pipes
includes the subject matter of any of paragraphs C-C6.

operatively coupling a first face-sheet to a core;

[0113] D1. The method of paragraph D, further compris-
ng:
[0114] prior to the operatively positioming, assembling the

one or more composite heat pipes according to the method
of any of paragraphs B-B1.

[0115] D2. The method of any of paragraphs D-D1, further
comprising;
[0116] {following the operatively coupling the first face-

sheet, the operatively coupling the second face-sheet, and
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the operatively positioning, curing the sandwich panel at an
clevated temperature, optionally at a temperature of 150-

250° F.
[0117] E. A radiator panel, the radiator panel comprising:

[0118] two spaced-apart face-sheets including an inside
face-sheet and an outside face-sheet, wherein the two
spaced-apart face-sheets are constructed of a fiber reinforced
composite material;

[0119] a honeycomb core positioned between the two
spaced-apart face-sheets; and

[0120] one or more heat pipes extending through the
honeycomb core.

[0121] EI1. The radiator panel of paragraph E, wherein the
honeycomb core 1s constructed of metal, optionally of
aluminum.

[0122] EZ2. The radiator panel of any of paragraphs E-E1,
wherein the one or more heat pipes are constructed of metal,
optionally of aluminum.

[0123] E3. The radiator panel of any of paragraphs E-E2,
wherein the fiber reinforced composite material includes a
first set of fibers and a second set of fibers, wherein the fibers
of the first set differ from the fibers of the second set 1n at
least one characteristic.

[0124] E3.1. The radiator panel of paragraph E3, wherein
the first set of fibers includes fibers having a first average
diameter, and wherein the second set of fibers includes fibers
having a second average diameter that 1s different than the
first average diameter.

[0125] FE3.1.1. The radiator panel ol paragraph E3.1,
wherein the second average diameter 1s at least 2, at least 4,
at least 6, at least 8, 2-10, 2-8, 2-6, 2-4, 4-10, 4-8, 4-6, 6-10,
6-8, or 8-10 times the first average diameter.

[0126] E3.1.2. The radiator panel of any of paragraphs
E3.1-E3.1.1, wherein the first average diameter 1s 1n the
range of 5-20 um, 5-15 um, 5-10 pm, 10-20 um, 10-15 um,
or 15-20 um.

[0127] E3.1.3. The radiator panel of any of paragraphs
E3.1-E3.1.2, wherein the second average diameter 1s 1n the
range of 50-200 um, 50-150 um, 50-100 pm, 100-200 um,
100-150 um, or 150-200 pm.

[0128] E3.2. The radiator panel of any of paragraphs
E3-E3.1.3, wherein the fibers of the first set comprise,
optionally consist essentially of, optionally consist of, car-
bon fibers, and wherein the fibers of the second set do not
comprise carbon fibers.

[0129] E3.3. The radiator panel of any of paragraphs
E3-E3.2, wherein the fibers of the second set comprise,
optionally consist essentially of, optionally consist of, boron
fibers, and wherein the fibers of the first set do not comprise
boron fibers.

[0130] E3.4. The radiator panel of any ol paragraphs
E3-E3.3, wherein a ratio of a total number of the first set of

fibers to a total number of the second set of fibers 1s 1n the
range of 100-500, 100-400, 100-300, 100-200, 200-500,

200-400, 200-300, 300-500, 300-400, or 400-500.

[0131] E3.5. The radiator panel of any of paragraphs
E3-E3.4, wherein within a single ply of the fiber reinforced
composite material, fibers of the first set of fibers are spaced
apart on average 1n the range of 0-30 um, 0-20 um, 0-10 um,
10-30 um, 10-20 wm, or 20-30 pum.

[0132] E3.6. The radiator panel of any of paragraphs
E3-E3.5, wherein within a/the single ply of the fiber rein-
forced composite material, fibers of the second set of fibers
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are spaced apart on average in the range of 50-200 um,
50-150 wm, 50-100 pum, 100-200 pm, 100-150 pum, or
150-200 um.

[0133] E3.7. The radiator panel of any of paragraphs
E3-E3.6, wherein the first set of fibers includes fibers having
a coellicient of thermal expansion in the range of -0.8-0
ppm/° F.

[0134] E3.8. The radiator panel of any ol paragraphs
E3-E3.7, wherein the second set of fibers includes fibers
having a coetlicient of thermal expansion 1n the range of 2-3
ppm/° F.

[0135] E3.9. The radiator panel of any of paragraphs
E3-E3.8, wherein the first set of fibers includes fibers having
a thermal conductivity 1n the range of 75-1100 W/m-K.

[0136] E3.10. The radiator panel of any of paragraphs
E3-E3.9, wherein the second set of fibers includes fibers
having a thermal conductivity 1n the range of 25-400 W/m-

K

[0137] E3.11. The radiator panel of any of paragraphs
E3-E3.10, wherein the first set of fibers includes fibers
having a tensile strength in the range of 400-800Kksi.

[0138] E3.12. The radiator panel of any of paragraphs
E3-E3.11, wherein the second set of fibers includes fibers
having a tensile strength in the range of 500-600Kksi.

[0139] EA4. The radiator panel of any of paragraphs E-E3.
12, wherein the inside face-sheet includes, optionally con-
sists essentially of, optionally consists of, 2-10, 2-8, 2-6, 2-4,
4-10, 4-8, 4-6, 6-10, 6-8, or 8-10 plies of the fiber reinforced
composite material.

[0140] EA4.1. The radiator panel of paragraph E4, wherein
the mside face-sheet further includes at least one metallic
fo1l layer, optionally an aluminum foil layer.

[0141] ES5. The radiator panel of any of paragraphs E-E4.1,
wherein the outside face-sheet includes, optionally consists
essentially of, optionally consists of, 2-10, 2-8, 2-6, 2-4,
4-10, 4-8, 4-6, 6-10, 6-8, or 8-10 plies of the fiber reinforced
composite material.

[0142] ES5.1. The radiator panel of paragraph E5, wherein
the outside face-sheet further includes at least one metallic
fo1l layer, optionally an aluminum foil layer.

[0143] E6. The radiator panel of any of paragraphs E-E3.1,
wherein the inside face-sheet has a thickness in the range of
200-1000 pm, 200-800 pum, 200-600 um, 200-400 um,
400-1000 um, 400-800 um, 400-600 um, 600-1000 um,
600-300 um, or 800-1000 um.

[0144] E’/. The radiator panel of any of paragraphs E-E6,
wherein the outside face-sheet has a thickness in the range
of 200-1000 um, 200-800 um, 200-600 um, 200-400 um,
400-1000 um, 400-800 um, 400-600 um, 600-1000 um,
600-300 um, or 800-1000 um.

[0145] ES8. The radiator panel of any of paragraphs E-E7,
wherein the fiber reinforced composite material includes a
binding material that includes, optionally consists essen-
tially of, optionally consists of, epoxy, cyanate ester, poly-
imide, bismaleimide resin, or phenolic resin.

[0146] ES.1. The radiator panel of paragraph ES, wherein
the binding material further includes a thermal conductivity
enhancer, optionally one or more of milled carbon fiber,
carbon nanotubes, and graphite nanoplatelets.

[0147] EB9. The radiator panel of any of paragraphs E-E8.1,
wherein the radiator panel, as a whole, has a coeflicient of
thermal expansion 1n the range of 0.5-13 ppm/° F. across a
thickness of the radiator panel.
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[0148] FE10. The radiator panel of any of paragraphs E-E9,
wherein the radiator panel, as a whole, has a coeflicient of
thermal expansion in the range of 0.25-4 ppm/° F. 1n a
direction parallel to the inside face-sheet and the outside
face-sheet.

[0149] FE11. The radiator panel of any of paragraphs
E-E10, wherein the radiator panel 1s generally planar.
[0150] FE12. The radiator panel of any of paragraphs
E-E11, wherein the radiator panel 1s generally rectangular.
[0151] FE13. The radiator panel of any of paragraphs
E-E12, wherein the one more heat pipes comprise one or
more of the composite heat pipe of any of paragraphs
A-Al3 3.

[0152] E14. The use of the radiator panel of any of
paragraphs E-E13 as a structural component of a spacecratt.
[0153] FE13. The use of the radiator panel of any of
paragraphs E-E13 to improve the precision of communica-
tion devices of a spacecraft.

[0154] FE16. The use of the radiator panel of any of
paragraphs E-E13 as one or more of a radiator panel for a
spacecrait, a radiator panel for a phased array, or a base plate
for an antenna.

[0155] F. A spacecralt, comprising:
[0156] a body; and
[0157] two radiator panels of any of paragraphs E-E13

operatively coupled to the body opposite each other.

[0158] F1. The spacecratt of paragraph F, further compris-
ng:
[0159] a first communication device operatively coupled

relative to the body by a first mount; and

[0160] a second communication device operatively
coupled relative to the body by a second mount.
[0161] F1.1. The spacecrait of paragraph F1, wherein the

first communication device and the second communication
device are electrically grounded to the two radiator panels.

[0162] F1.2. The spacecrait of any of paragraphs F1-F1.1,
wherein when one or both of the two radiator panels 1s
subject to a temperature change between a minimum tem-
perature and a maximum temperature i the range of —50-
100° C., =20-100° C., =20-80° C., 0-100° C., 10-100° C.,
20-100° C., 50-100° C., or 20-80° C., the first mount moves,

rotates, or pivots relative to the second mount by less than
0.1 degrees, 0.08 degrees, 0.06 degrees, or 0.04 degrees.

[0163] F1.3. The spacecrait of any of paragraphs F1-F1.2,
wherein when one or both of the radiator panels begins
dissipating heat at a rate in the range of 100-5000 Watts,
100-2500 Watts, 500-5000 Watts, or 500-2500 Watts, the
first mount moves, rotates, or pivots relative to the second
mount by less than 0.1 degrees, 0.08 degrees, 0.06 degrees,
or 0.04 degrees.

[0164] F2. The spacecrait of any of paragraphs F-F1.3,

wherein the first communication device includes an antenna
feed, wherein the second communication device includes an
antenna reflector, and wherein the antenna feed 1s pointed at
the antenna reflector.

[0165] F3. The spacecrait of any of paragraphs F-F2,

wherein the spacecrait 1s free of one or more of star tracker
mounts, stand-alone antenna mounts, and sensor suite opti-
cal bench mounts.

[0166] F4. The use of the spacecraft of any of paragraphs
F-F3, optionally as a communications satellite.

[0167] . A method of assembling a radiator panel, the
method comprising:

[0168] operatively coupling an 1nside face-sheet to a hon-
eycomb core;
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[0169] operatively coupling an outside face-sheet to the
honeycomb core opposite the inside face-sheet; and
[0170] operatively positioning one or more heat pipes
between the 1nside face-sheet and the outside face-sheet:
[0171] wherein the inside face-sheet, the outside face-
sheet, the honeycomb core, and/or the one or more heat
pipes 1nclude the subject matter of any of paragraphs E-E13.
[0172] H. A method of assembling a spacecraft, the
method comprising:

[0173] operatively coupling a radiator panel to a body of
the spacecraft, wherein the radiator panel includes the sub-
ject matter of any of paragraphs E-E13, and wherein the
spacecrait includes the subject matter of any of paragraphs
F-F3.

[0174] The various disclosed elements of apparatuses and
steps of methods disclosed herein are not required to all
apparatuses and methods according to the present disclo-
sure, and the present disclosure includes all novel and
non-obvious combinations and subcombinations of the vari-
ous elements and steps disclosed herein. Moreover, one or
more of the various elements and steps disclosed herein may
define independent inventive subject matter that 1s separate
and apart from the whole of a disclosed apparatus or method.
Accordingly, such imnventive subject matter 1s not required to
be associated with the specific apparatuses and methods that
are expressly disclosed herein, and such mventive subject
matter may find utility in apparatuses and/or methods that
are not expressly disclosed herein.

1. A composite heat pipe, comprising:

an clongate conductive casing that defines an internal
volume having an outer peripheral region;

a wick structure positioned within the outer peripheral
region of the internal volume of the elongate conduc-
tive casing;

a working fluid within the internal volume of the outer
peripheral region; and

one or more fiber reinforced composite layers operatively
coupled to one or more external, lateral sides of the
clongate conductive casing, wherein each fiber rein-
forced composite layer comprises a plurality of elon-
gate fibers longitudinally aligned with the elongate
conductive casing and operatively coupled together by
a binding material.

2. The composite heat pipe of claam 1, wheremn the

binding material comprises an adhesive tape.

3. The composite heat pipe of claim 2, wheremn the
plurality of elongate fibers i1s adhered to a face of the
adhesive tape.

4. The composite heat pipe of claiam 2, wheremn the
plurality of elongate fibers 1s embedded in the adhesive tape.

5. The composite heat pipe of claam 1, wheremn the
binding material comprises a matrix of the binding material
and the plurality of elongate fibers are within the matnx.

6. The composite heat pipe of claim 1, wherein the
plurality of elongate fibers comprises a density of 0.05-0.10
Ibs/in.” within each fiber reinforced composite layer.

7. The composite heat pipe of claam 1, wherein the
plurality of elongate fibers are spaced-apart within each fiber
reinforced composite layer.

8. The composite heat pipe of claam 1, wherein the
plurality of elongate fibers comprises boron fibers or high-
strength carbon fibers.

9. The composite heat pipe of claam 1, wheremn the
clongate conductive casing 1s constructed of a material
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having a first tensile strength and a first compression
strength, wherein the plurality of elongate fibers are con-
structed of a material having a second tensile strength and a
second compression strength, wherein the second tensile
strength 1s at least 2 times the first tensile strength, and
wherein the second compression strength 1s at least 2 times
the first compression strength.

10. The composite heat pipe of claim 1, wherein elongate
fibers of the plurality of elongate fibers are unidirectional.

11. The composite heat pipe of claim 1, wherein the one
or more fiber reinforced composite layers comprises two
fiber reinforced composite layers operatively coupled to
opposing external, lateral sides of the elongate conductive
casing.

12. The composite heat pipe of claim 1, further compris-
ng:

an adhesive layer between the one or more fiber rein-

forced composite layers and the respective one or more
external, lateral sides of the elongate conductive casing,
wherein the adhesive layer has a thickness of 0.005-0.
025 inches, and wherein the adhesive layer comprises
an epoxy adhesive.

13. A sandwich panel, comprising:
two spaced-apart face-sheets;

a core positioned between the two spaced-apart face-
sheets; and

one or more composite heat pipes according to claim 1
extending through the core without the one or more
fiber remnforced composite layers extending directly
between the one or more composite heat pipes and the
two spaced-apart face-sheets.

14. The sandwich panel of claim 13, wherein the one or
more fiber reinforced composite layers of the one or more
composite heat pipes 1s constructed of a composite laminate
that 1s cured at room temperature prior to the one or more
composite heat pipes being bonded to the two spaced-apart
face sheets at an elevated temperature.

15. The sandwich panel of claim 13, wherein the two-
spaced face-sheets are constructed of a fiber reinforced
composite material, and wherein the elongate conductive
casing 1s constructed of aluminum.

16. A method of assembling the sandwich panel of claim
13, the method comprising:
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in an environment at 50-100° F., operatively coupling the
one or more fiber reinforced composite layers to the
one or more external, lateral sides of the elongate
conductive casing;

operatively coupling a first face-sheet of the two spaced-

apart face-sheets to the core;

operatively coupling a second face-sheet of the two

spaced-apart face-sheets to the core opposite the first
face-sheet; and

operatively positioning the one or more composite heat

pipes between the first face-sheet and the second face-
sheet;
tollowing the operatively coupling the one or more fiber
reinforced composite layers, the operatively coupling
the first face-sheet, the operatively coupling the second
face-sheet, and the operatively positioning, curing the
sandwich panel at a temperature of 150-250° F.

17. A radiator panel, the radiator panel comprising:

two spaced-apart face-sheets including an inside face-
sheet and an outside face-sheet, wherein the two
spaced-apart face-sheets are constructed of a fiber
reinforced composite material, wherein the fiber rein-
forced composite material includes a first set of fibers
and a second set of fibers, wherein the fibers of the first
set difler from the fibers of the second set 1n at least one
characteristic;

a honeycomb core positioned between the two spaced-

apart face-sheets; and

one or more composite heat pipes according to claim 1

extending through the honeycomb core.

18. The radiator panel of claim 17, wherein the first set of
fibers 1ncludes fibers having a first average diameter, and
wherein the second set of fibers includes fibers having a
second average diameter that i1s different than the first
average diameter.

19. The radiator panel of claim 18, wherein the first
average diameter 1s in the range of 5-20 um, and wherein the
second average diameter 1s 1n the range of 50-200 um.

20. The radiator panel of claim 17, wherein the fibers of
the first set comprise carbon fibers, and wherein the fibers of
the second set comprise boron fibers.

21. A spacecrait, comprising:

a body; and

two radiator panels of claim 17 operatively coupled to the

body opposite each other.
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